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Strong magneto-electric coupling in two-dimensional helical materials leads to a peculiar type of
topologically protected solutions – skyrmions. Coupling between the net ferroelectric polarization
and magnetization allows control of the magnetic texture with an external electric field. In this
work we propose the model of optical tweezer – a particular configuration of an external electric
field and Gaussian laser beam that can trap or release the skyrmions in a highly controlled manner.
Functionality of such a tweezer is visualized by micromagnetic simulations and model analysis.
Optimal dynamical control of a particle motion in-
cludes several tasks, such as acceleration, braking, and
trapping. In case of nanoparticles, ions, or atoms, the
trapping problem becomes more demanding than the oth-
ers, except trapping of charged particles which is rela-
tively easy with the use of Pauli trap [1, 2]. In the early
90-ties it was realized that light–atom interaction allows
trapping of neutral objects – cesium and sodium atoms
in particular [3, 4]. In case of optical trapping of neutral
objects, the light does two jobs: (i) it attracts the par-
ticles around the nodal points of the optical lattice with
the spatial period of the order of optical wavelength, and
(ii) the light additionally cools down the atoms. The in-
vention of optical tweezers in 1986 by Arthur Ashkin was
a triumph for manipulation of microparticles with laser
light [5]. While trapping of various particles is widely
discussed in the literature, the problem of trapping of lo-
calized excited modes, especially of topological solitons
(skyrmions) has not been studied yet.
The concept of skyrmion traces back to the paper of
Skyrme [6], and to the monumental paper of Belavin
and Polyakov [7]. It is now well known that skyrmion
has a topological character. In particular, invariance
of the topological action of the field theory, Stop
(
n
)
=
iθ
4pi
∫
dx1dx2n ·
(
∂1n×∂2n
)
, with respect to the infinitesi-
mal transformation n
(
x
)→ n(x)+a(x)Ran(x), (where
a is infinitesimal parameter and Ra stands for genera-
tors of the O(3) group) defines specific texture of the
vector field n
(
x
)
[8, 9]. The set of different textures of
n
(
x
)
, obtained from each other by means of the con-
tinuous deformation, has the same invariant topologi-
cal action and the related conserved topological charge
W = 1iθStop
(
n
)
. Thus one could argue that the topolog-
ical soliton (skyrmion) is a robust and protected object
against small perturbations. Apart from this, skyrmions
possess dual field-particle properties [8–22].
Skyrmions are highly mobile objects. There are several
precise recipes on how to drive a skyrmion – either by a
spin-polarized electron current or with a magnonic spin
current that exerts a magnon pressure on the skyrmion
surface. In the recent work [23] an alternative mecha-
nism of skyrmion drag was proposed, which is based on
a combination of uniform temperature profile and non-
uniform electric field. Nevertheless, a vital question that
arises is whether the particle nature of skyrmions facili-
tates their trapping. In what follows, we explore trapping
of a skyrmion in the laser field epEls(x, y, z, t) (with ep
being the unit polarization vector[24]) and the external
electric field E0 = (0, 0, Ez0).
Skyrmions emerge in materials (e.g. in chiral sin-
gle phase multiferroics [25]) with a sizeable magneto-
electric (ME) coupling term, Eme = −E · P, where
P = cE[(m · ∇)m − m(∇ · m)] is the net ferroelectric
polarization, with m denoting the unit vector along the
magnetization and cE the magneto-electric coupling con-
stant. In chiral multiferroics, coupling of the external
electric field with the ferroelectric polarization mimics
the Dzyaloshinskii-Moriya term and leads to the non-
colinear topological magnetic order. The mechanism of
trapping of a skyrmion relies on the interaction between
the electric component of the laser field and the ferro-
electric polarization of the skyrmion texture.
The laser manipulated skyrmion dynamics is governed
by the Landau-Lifshitz-Gilbert (LLG) equation, supple-
mented by the ME term
∂M
∂t
= −γM×
(
Heff− 1
µ0Ms
δEme
δm
)
+
α
Ms
M×∂M
∂t
. (1)
Here, M = Msm, where Ms is the saturation magneti-
zation, γ is the gyromagnetic ratio, and α is the phe-
nomenological Gilbert damping constant. The effective
field Heff consists of the exchange field and of the applied
external magnetic field, Heff =
2Aex
µ0Ms
∇2m + Hzz, where
Aex is the exchange stiffness, Hz is the external magnetic
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FIG. 1. (a) The spiral trajectories of the skyrmion wind-
ing on clockwise to the laser center. The laser electric field
E0 = 1.2 MV/cm. Initially, the skyrmion center (qx, qy) is em-
bedded in the point (−7.5, 0) nm. (b) The spiral trajectories
of the skyrmion winding off anticlockwise from the laser cen-
ter. The laser electric field E0 = −1.2 MV/cm. Initially, the
skyrmion center (qx, qy) is embedded in the point (−0.25, 0)
nm. Numerical solution of the Thiele equation. The spiral
trajectory of the skyrmion winding on (c) and off (d) the cen-
ter of the laser beam. The laser electric field E0 = 1.2 MV/cm
(c) and E0 = −1.2 MV/cm (d).
field applied along the z -direction.
The z component, Ez0, of the external electric field
stabilizes the skyrmion structure. Due to the Gaussian
profile of the electric field component Els(x, y, z, t) in the
laser beam, the total z component of the electric field,
Ez = Ez0 + Els(x, y, z, t), is not homogeneous in the
(x, y) plane. Depending on the sign of the oscillating
laser field Els(x, y, z, t), the total field Ez can be either
negative or positive. We note that for an ultrashort laser
pulse, the pulse compressor allows control of the spectral
phase φ(ω), Els(x, y, z, ω) =
√|Els|2 exp(−iφ(ω)), where
φ(ω) = −ωc n(ω)d, n(ω) is the index of refraction and d is
the film thickness [27]. In what follows, we consider both
negative Ez < 0 and positive Ez > 0 values of the field.
We note that modern laser technologies allow genera-
tion of ultrashort single Els(x, y, z, t) = Els(x, y, z)fscp(t)
and half cycle Els(x, y, z, t) = Els(x, y, z)fhcp(t) pulses
[28]. The temporal profiles of laser pulses are de-
fined as follows: fscp(t) = t/τd exp(−t2/τ2d ), fhcp(t) =
t/τ0
[
exp(−t2/2τ20 ) − 1b2 exp(−t2/bτ0)
]
, t > 0. The ul-
trashort single pulse has both positive and negative
Els(x, y, z, t), while the negative field part of fhcp(t) is
too small. Therefore for half cycle pulse Els(x, y, z, t)
can be viewed as positively defined.
Before presenting the numerical results we explain the
trapping mechanism. For the sake of simplicity let us as-
sume that the electric field is inhomogeneous only in the x
direction. The functional derivative of the ME term with
respect to the magnetic moment reads: − 1µ0Ms
δEme(Ei)
δm =
cE
µ0Ms
[∂xEi(miex−mxei)+
∑
j(j6=i) 2Ei(−∂jmjei+∂jmiej)].
Here i, j = x, y, z. We focus on the first term fueled
by the nonuniform electric field ∂xE, while the second
term corresponds to the effective DM interaction with
a strength tunable by a constant electric field [23]. For
tweezing, we suggest using the scanning near-field opti-
cal microscopy (SNOM) and advanced nanofabrication
procedures. These two methods permit to obtain spots
of light 10 ∼ 20 nm in size; see recent review and refer-
ences therein [3]. Contribution of the nonuniform elec-
tric field will be presented in the form of inhomoge-
neous electric torque (IET): −γm ×
(
− δEme(∂xEi)µ0Msδm
)
=
−γcE∂xEiµ0Ms m× (m×pE). The vector pE = x×ei is set by
ei which points into the direction of electric field. Ob-
viously the expression of IET is identical to the stan-
dard spin transfer torque −cjm × (m × p), because pE
in IET mimics the spin polarization direction p. How-
ever while cj depends on the electric current density, the
amplitude of the IET depends on the gradient of the
electric field ∂xEi and on the ME coupling strength cE.
In the case of Gaussian laser beam (for more details we
refer to the supplementary material), the coefficient in
the expression for IET, c = γcE∂rEzµ0Ms , is determined by
the gradient of electric field, while pE = er × z, where
er = (exx + eyy)/
√
x2 + y2 is the unit vector. The un-
derlaying mechanism of the skyrmion tweezer is as fol-
lows: depending on the direction of the laser field, the
IET torque is either centripetal (drives the skyrmion to
the center of the beam) or counter-centripetal (drives the
skyrmion out of the beam center).
The numerical simulations based on Eq. (1) have been
done for the saturation magnetization Ms = 1.4 × 105
A/m, the exchange constant Aex = 3 × 10−12 J/m, the
ME coupling strength cE = 0.9 pC/m, and the Gilbert
damping constant α = 0.001. The Ne´el-type skyrmion is
stabilized by the electric and magnetic fields, Ez0 = 1.7
MV/cm and Hz0 = 4× 105 A/m. In Fig. 1 we illustrate
attraction and repulsion mechanisms of the skyrmion
tweezer. In the first case, Fig. 1 (a), the skyrmion is
initially embedded at the point (x, y) = (−7.5, 0) nm,
and the laser field is positive, Els(t) > 0. Therefore,
pE = −y, c < 0, and the torque winds the skyrmion on
clockwise to the laser beam center (0, 0). In the second
case, Fig. 1 (b), direction of the laser field and IET are
reversed, Els(t) < 0, pE = y, c > 0, and the skyrmion
winds out anticlockwise from the laser beam center.
We propose an experimentally feasible strategy for
trapping of skyrmions: Focus the laser beam on the cen-
ter of the skyrmion texture. Steer the center of the beam
until the electric field is positive Els > 0, the skyrmion
follows then the center of the beam, see Fig. 2. Rotation
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FIG. 2. The center of the laser beam (x0, y0) is steered with
the velocity vx = 1 m/s and E0 = 1.2 MV/cm. The skyrmion
center (qx, qy) trapped by the laser beam follows the motion of
the center of the laser beam (black and red colors). The inset
plot shows the numerical solution of the Thiele equations (see
supplementary material). Center of the Gaussian laser beam
Els is steered with the velocity vx = 1 m/s and E0 = 1.2
MV/cm. The skyrmion center (qx, qy) follows the motion of
the laser beam center (blue and magenta colors).
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FIG. 3. The center of the laser beam is steered with velocity
vx = 14.19 (14.22) m/s and E0 = 1.2 MV/cm. For vx = 14.19
m/s the skyrmion center (qx(t), qy(t)) follows the center of the
laser beam. When, vx = 14.22 m/s, the skyrmion center is
able to follow the laser beam only at the beginning of the
evolution, t < 5 ns.
of skyrmion leads to a weak oscillation of the skyrmion
center (qx(t), qy(t). When the beam velocity vx is below
a critical velocity vcx, vx < v
c
x = 14.22 m/s, increasing of
the beam velocity vx leads to an increase in the velocity
of skyrmion drag. When the beam velocity is above vcx,
the skyrmion is not able to follow the center of the laser
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FIG. 4. (a) The critical velocity vcx as a function of the laser
electric field E0. (b) The critical velocity v
c
x as a function
of the frequency fe plotted for electric fields: Els = El0 +
El1 sin(2pifet), with El0 = 1.2 MV/cm and El1 = 0.07El0.
(c) Dependence of the critical velocity on the El1/El0 at the
frequency fe = 0.22 GHz (c).
beam, see Fig. 3. The critical velocity vcx increases lin-
early with E0, as is demonstrated in Fig. 4 (a). Thus
one can argue that the skyrmion behaves as a massive
object. Changing sign of the laser field from positive to
negative, Els < 0, releases the skyrmion and drives it off
the center of the beam (not shown).
We also analyzed the influences of oscillating laser elec-
tric field, Els = El0 + El1 sin(2pifet). It turns out that
the oscillating field drags the skyrmion, and the critical
velocity vcx as a function of the frequency fe is shown in
Fig. 4(a). The trapping of the skyrmion depends on the
frequency of the field. As we see, the critical velocity vcx
drops down at fe = 0.2 GHz. Analyzing the spectrum of
the skyrmion oscillation frequency (not shown), we find
that the frequency fe = 0.22 GHz coincides with the nat-
ural frequency of the laser-induced pinning potential of
the skyrmion, i.e., the resonant oscillation frequency of
the rigid skyrmion. The resonant amplification of the
skyrmion oscillations leads to release of the skyrmion,
and thus reduces vcx. Furthermore, increase of El1 leads
to a decrease of vcx, see Fig. 4(b). The large El1 activates
nonlinear effects and dependence of the critical velocity
on the frequency is not linear anymore, see Fig. 4(b) for
El1 > 0.05El0.
Akin to the constant Gaussian laser beam, the oscil-
lating laser field also traps the skyrmion. We simulate
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FIG. 5. The skyrmion drag by an oscillating laser pulse.
The skyrmion center (qx, qy) follows the center of the laser
beam (x0, y0). The laser center (red dots) is steered in 14
√
2
nm in 1.3 ns. For each pulse with whole period 27.3 ns, as
demonstrated in inset, E0 = 1.2MV/cm is applied when t <
t0 = 1.3 ns and it becomes −0.06 MV/cm for t > t0. Right
bottom corner: Shape of the half cycle laser pulse.
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FIG. 6. Induced by laser heating temperature profile
T (x, y, t) at a given time t = 11 ns. The velocity of the
center of laser beam is vx = 14 m/s and the amplitude of the
electric field E0 = 1.2 MV/cm.
the laser pulses 70 ps in width and period and steer the
center of the laser beam on a distance 14
√
2 nm along
y = x in 1.3 ns. As we see in Fig. 5, the skyrmion is
trapped by the laser beam and follows the center of the
laser beam (see supplementary material). The speed of
the skyrmion moving along the y = x axis is about 15.5
m/s. The obtained results can be interpreted in terms
of the Thiele equation that describes motion of a rigid
skyrmion [29, 30] Fig. 1 (c), (d), and Fig.(2) the inset
plot.
A side impact of the laser pulses is the heating effect.
The temperature profile T (x, y, t) induced by the laser
heating, through the beam with a moving center is shown
in Fig. 6. The region of the largest temperature (about
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FIG. 7. The effect of the laser heating on the motion of
skyrmion. The velocity of the center of laser beam is vx =
14.22 m/s and the amplitude of the electric field E0 = 1.2
MV/cm. More than 50 repeated simulations are performed
under the same condition. Inset: Dependence of the skyrmion
trapping probability P on the velocity of the laser beam vx.
100 K) follows the center of the laser beam and the tem-
perature gradually decreases with distance from the cen-
ter. The laser heating leads to the inhomogeneous time-
dependent temperature profile and affects the skyrmion
dynamics. The main effect of laser-induced heating is
that the trapping process becomes non-deterministic. We
performed a set of calculations with the same initial con-
ditions and collect ensemble statistics see Fig. 7. The
trapping probability P decays for the higher velocity of
the center of beam but still is finite. Even at the speed
vx = 14.22 m/s and E0 = 1.2 MV/cm, P = 44% as is
shown in inset in Fig. 7. An interesting fact is that below
the threshold velocity of vx ≤ 14 m/s probability P = 1.
In summary, we have proposed a novel method of optical
control of skyrmions in magnetoelectric materials. Owing
to the magnetoelectric coupling, electric field of a laser
beam couples to the magnetic moments of the skyrmion.
When the laser beam is prepared in an appropriate way,
one can trap, shift, and then release the skyrmion. Such
an optical tweezer may be very useful in optical control
and manipulation of the skyrmion position. Numerical
results have been obtained from micromagnetic simula-
tions based on Landau-Lifshitz-Gilbert equation with a
contribution from magnetoelectric coupling and addition-
ally from solution of the Thiele equation describing mo-
tion of rigid skyrmions. A very good agreement of the
results obtained by these two methods has been achieved.
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6I. SUPPLEMENTARY INFORMATION
A. Laser pulses
Let us assume that the field issued by the laser is
a Gaussian beam Els(x, y, z = 0, t) = E0f(t) exp
[ −
(x−x0)2+(y−y0)2
σ20
]
and the distance between laser and film
surface is z0. After a little algebra one finds the expres-
sion for the field at the surface of the skyrmion:
Els(x, y, z0, t) = E0f(t)
σ0
σ
exp
[
− (x− x0)
2 + (y − y0)2
σ2
]
× exp
[
ik
(
z0 +
(x− x0)2 + (y − y0)2
2R
)
+ iϕ
]
. (2)
Here f(t) ≡ f(t)hcp, f(t)scp is either half or single cycle
pulse, σ2(z0) = σ
2
0
(
1 +
(
2z0
kσ20
)2)
is the width of the
beam at the skyrmion surface, R(z0) = z0
[
1 +
(
kσ20
2z0
)2 ]
,
tanϕ =
kσ20
2z0
and the total electric field acting on the
skyrmion has the form Ez = Ez0 + Els. The skyrmion
captured by the half cycle laser pulse follows the motion
of the beam center see Fig.8.
Non-paraxial focusing of radially polarized light cre-
ates a dominant Ez. This effect has a clear interpretation
within the framework of geometrical optics. Through the
non-paraxial focusing procedure, Ez components of dif-
ferent rays add on the axis, while Ex, Ey components
cancel [1, 2]. We note that narrow laser beam spots
can be archived through the shielding of the laser beam
by the optical fibers covered by metal. The scanning
near-field optical microscopy (SNOM) techniques and
advanced nanofabrication procedures allow getting light
spots as small as 10 ∼ 20 nm see recent review and ref-
erences therein [3]. Alternatively, in the experiment, one
can use a plasmonic tip. In this case, the field as well
is nonuniform. However, it is much more complicated,
has not Gaussian form, and therefore is less relevant for
numerical calculations.
B. Linear and nonlinear tweezing terms
The tweezing mechanism is based on the inhomoge-
neous electric torque (IET) [4]. Here we show that the
expression of the IET contains linear and nonlinear in
the laser field terms
− γcE∂xE
laser
i
µ0Ms
m× (m× pE). (3)
The vector pE = x × ei is set by ei which points into
the direction of electric field, and the nonlinear magnetic
texture in Eq.(3) is defined by the external electric field
Eext. We rewrite Eq.(3) in the form:
−γcE∂xE
laser
i
µ0Ms
iiijkklqm
jmlpqE. (4)
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FIG. 8. Time dependence of the skyrmion center (qx, qy)
and laser center (x0, y0).
Here ii is the unit vector along the axis i. The magnetic
texture of the skyrmion is formed by the constant exter-
nal field and is perturbed by the laser field. This allows
us to present the magnetic components in the form:
mj ≈ 〈mj〉ext +
〈
∂mj
∂Elaseri
〉
Elaseri . (5)
After inserting Eq.(5) into Eq.(4), similar to A. Ashkin
[5] we obtain not only linear but quadratic terms〈
∂mj
∂Elaseri
〉
∂x
(
Elaseri
)2
. The nonlinear terms allow the
laser field to get stuck with the perturbed magnetic tex-
ture and tweeze the skyrmion.
C. The Thiele equation
Taking into account Eq. (1), the Thiele equation in
our particular case read:
−αD∂tqx − ∂tqy +Bex = 0,
∂tqx − αD∂tqy +Bey = 0. (6)
Here, D ≈ 1 represents the dissipative force, ex =
(qx − x0)/
√
(qx − x0)2 + (qy − x0)2 is the x component
of er located at the skyrmion center (qx, qy), and ey =
(qy − y0)/
√
(qx − x0)2 + (qy − x0)2 is the y component
of er. The driving force is B = −γcE∂rElsµ0Ms LscI, where
Lsc and I are the scaling length and scaling factor,
I ≈ −0.01, we find from micromagnetic simulations. As-
suming a constant Bex,y, we deduce steady velocities
vx =
αDBex−Bey
1+α2D and vy =
Bex+αDBey
1+α2D . Numerical so-
lutions of the Thiele equation Eq. (3) recover the results
of the micromagnetic simulations, see in the main text
Fig. (1) (c), (d), and Fig.(2).
7The temperature profile T (x, y, t) is the solution of the
heat equation:
∂T (x, y, t)
∂t
=
kph
ρC
∇2T (x, y, t) + I(x, y, t). (7)
Here, kph = 0.02 W/(m K) is thermal conductivity,
ρ = 5170 kg/m3 is the mass density, and C = 570
J/(kg K) is the heat capacity. The source term is
I(x, y, t) = lxδTc02ρC E
2
ls , where c is the light speed, 0
is the permittivity of vacuum, δT = 1.5 × 106 m−1 is
the laser penetration depth, and lx = 1% is the absorp-
tion efficiency of laser energy. The temperature effect
can be included in the LLG equation Eq. (1) through
the random magnetic field hth, and its correlation func-
tion 〈hth,i(t, r)hth,j〉 = 2kBTαγMsV δijδ(r − r′)δ(t − t′). Here,
kB is the Boltzmann constant, and V is the volume of
the sample.
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